Introduction
Atherosclerotic cardiovascular disease remains the leading cause of death worldwide despite wide and successful use of cholesterol-lowering drugs [1] . One of the current challenges in the prevention of cardiovascular disease is identifying subclinical plaque burdens and timely treatment before clinical events occur [2] . Recent evidence suggests that so-called 'vulnerable plaques', characterized by large lipid pools, many macrophages, inflammation, and thin fibrous caps, rarely rupture to cause clinical events-only ~5% of thin-capped vulnerable plaques provoked acute coronary syndrome over 3.4 years [3] . Since atherosclerosis is a systemic, multifocal disease that develops concurrently at different sites in the arterial tree [4] , a single patient generally carries diverse lesion types. Additionally, the clinically significant complications of atherosclerotic plaques (particularly plaque rupture, erosion, and thrombosis) depend more on the cellular and molecular content and state of activation within plaques than the degree of stenosis [5] . For example, superficial erosions that cause sudden cardiac death are often barely calcified, less inflamed than ruptured plaques, and exhibit intact elastic laminas and a well-developed media with contractile smooth muscle cells without distinct morphological features. Moreover, the eroded plaques will likely increase as a proportion of the thrombotic complications of atherosclerosis given the widespread use of lipid-lowering drugs such as statins [6, 7] . Such observations strongly suggest the necessity of developing new approaches for plaque identification and treatment for better individual management.
2-deoxy-2-[ 18 F]fluoro-d-glucose positron emission tomography has been most widely used to detect inflamed plaques [8, 9] . To better define atherosclerotic plaque burden and individual risk, researchers have actively explored various targeted diagnostic approaches, such as imaging with an elastin-specific magnetic resonance imaging (MRI) contrast agent or with 18 F-labeled mannose (2-deoxy-2-[ 18 F]fluoro-D-mannose), or detection of plaque microcalcification with 18 F-sodium fluoride [10] [11] [12] . However, advanced imaging technologies and preventive strategies often do not ensure effective therapy, because the correlation between increased uptake of imaging agents and future adverse events has yet to be validated [13, 14] . In this regard, there is a pressing need for an integrative approach that both enables biologically based plaque detection with high specificity and directs local drug delivery to plaque subtypes.
Nanotechnology provides innovative tools for developing precision diagnostics and targeted therapeutics [14] [15] [16] [17] . Recently, it has been reported that companion MRI nanoparticles (NPs) can predict therapeutic nanomedicine efficacy by identifying individuals with higher enhanced permeability and retention (EPR), and thus greater likelihood of NP accumulation [18] . Although initial applications of nanomedicine have largely focused on cancer [19] , the field has undergone remarkable growth beyond oncology, including a few recent clinical studies of atherosclerosis [20, 21] . Intravenously administered liposomal nanoparticles encapsulating prednisolone showed significantly improved pharmacokinetic profile and increased localization in macrophages within human atherosclerotic plaques; however, accumulation of the nanomedicine in atherosclerotic lesions did not elicit an anti-inflammatory therapeutic effect, presumably because prednisolone might not be ideal for atherosclerotic disease treatment [22] . NPs that target atherosclerotic plaques-including those specific to αvβ3 integrin, vascular cell adhesion molecule 1, collagen, macrophages, and fibrin-have been investigated in animals with advanced atherosclerosis [23] [24] [25] , but efficient targeting often requires a heavily impaired endothelium [23] . Moreover, the poor correlation between experimental atherosclerotic lesions observed in mouse models (i.e., hypercholesterolemic apolipoprotein E-deficient (apoE-KO) mice fed a western diet (WD)) and actual complex lesions found in humans is one of the reasons hindering clinical translation of nanomedicines.
Here we propose an extra domain B of fibronectin (FN-EDB)-targeting platform whose application might not only improve the triaging of patients into preventive therapy categories based on further lesion-specific imaging but also guide therapeutic regimens. FN-EDB is a splice variant of FN, one of the best-characterized models of alternative splicing [26] . It consists of 91 amino acids and has an identical sequence in mice and humans, but adult FN generally lacks the FN-EDB domain [27] . Instead, it can become inserted into FN during active tissue remodeling, such as that which occurs in tumor angiogenesis and wound healing, as well as embryogenesis [28] . FN-EDB was originally identified as a tumor-specific biomarker, and several antibodies against it have been developed for use in imaging and therapy applications; of these, single-chain Fv (scFv) L19 antibody-conjugated IL-2 and tumor necrosis factor-α are currently undergoing clinical trials for cancer treatment [28, 29] . In addition, studies have evaluated fluorescent or radiolabeled scFv L19 derivatives in detection of atherosclerotic plaques in mice [30] [31] [32] . Although FN-EDB holds potential for selectively targeting progressive plaques that exhibit arterial remodeling, its correlation with atherosclerosis grade has not been systemically investigated, nor has a nanotechnological approach to atherosclerosis based on FN-EDB targeting been considered.
We recently developed a platform technology, termed 'aptides', which enables screening and identification of target-specific, high-affinity peptides [33] . As aptides are chemically synthesized and, thus, can easily introduce functional groups for site-specific conjugation, they are suitable candidates as targeting ligands for drug delivery applications. In particular, because aptides have little immunogenicity and do not have redundant Fc regions, Fc receptor binding-mediated side effects or immunostimulation can be minimized, suggesting superior clinical safety versus antibody-based ligands [34] [35] [36] [37] . Recently, we showed that the FN-EDB-specific aptide, APTFN-EDB, replaced anti-FN-EDB antibodies (e.g., L19, BC-1) and it was capable of delivering anticancer drugs, such as docetaxel and SN38, to FN-EDB-expressing tumors [38, 39] . In the present study, we examine for the first time the feasibility of using APTFN-EDB to detect FN-EDB expression in different types of human atherosclerotic lesions via immunohistochemistry (IHC) and evaluate the correlation of FN-EDB expression with macrophage accumulation, neovascularization, and plaque hypoxia ( Figure 1A) . In addition, we have designed an FN-EDB-specific nanoplatform functionalized with APTFN-EDB capable of plaque identification by MRI in apoE-KO mice, ultimately achieving efficient delivery of a model cargo to atherosclerotic plaques ( Figure 1B) .
Results and Discussion

FN-EDB expression is more extensive in advanced atherosclerotic lesions than in early-stage atherosclerosis
To investigate FN-EDB expression in different types of human atherosclerotic lesions and normal arteries, we analyzed sections of aortas and carotid arteries with atherosclerosis and normal arteries without atherosclerosis, classified by American Heart Association (AHA) criteria (Figure 2A and Figure  S1A ) [40] . After incubation with biotin-labeled APTFN-EDB and visualization using avidin-biotin horseradish peroxidase, staining of APT FN-EDB revealed more extensive FN-EDB expression in intermediate and advanced plaques than in Figure 1 . Schematic of study design. (A) APTFN-EDB (left) was functionalized with biotin for histological analyses in different types of atherosclerotic lesions of human carotid arteries and ascending-to-descending aortas. (B) APTFN-EDB (left) was immobilized on the surface of NPs (APTFN-EDB-NPs) for animal studies. APTFN-EDB-NPs were further modified by incorporating DTPA(Gd) or cyanine in the shell or core of NPs, respectively, and intravenously injected into advanced atherosclerotic mice through tail vein to demonstrate plaque identification, accumulation, and model cargo delivery.
early-stage atherosclerosis ( Figure 2B and Figure  S1B ). In addition, the advanced necrotic core, which typically includes abundant free cholesterol clefts underlying the thin-cap fibroatheroma (TCFA) as seen in AHA lesion type V, exhibited intensive FN-EDB expression. Conversely, normal arteries showed little or essentially no FN-EDB expression. We further found that a biotin-labeled control scrambled aptide (APTSCR) could not bind to FN-EDB in atherosclerotic lesions, and could not discriminate between atherosclerotic lesions and normal arteries ( Figure  S2) . We also examined the expression level of the dominant FN form in AHA lesion types I-VI and normal arteries using anti-FN antibody. Unlike the clear association of FN-EDB expression with the presence of advanced plaques, the expression of usual FN in these plaques did not differ significantly from that found in normal arteries ( Figure 2C and Figure  S1C ).
Quantitative analyses of FN-EDBor FN-positive areas in atherosclerotic lesions and normal arteries affirmed the plaque-detection capability of APTFN-EDB (Figure 3) . Sections of atherosclerotic aortic and carotid arteries showed significantly higher FN-EDB than APT SCR staining (P < 0.00001) or compared to normal artery sections (P < 0.0005) ( Figure 3A) . By contrast, staining with APT SCR showed non-specific binding in a few atherosclerotic lesions and normal arteries (Figure 3A) , but the level was not considered significant based on the sample size. FN-EDB expression was notably more intense in AHA type III (P < 0.005), IV (P < 0.005), and V (P < 0.0005) lesions than in type I and II lesions ( Figure  3B ). Although FN-positive staining trended higher in atherosclerotic aortic and carotid artery sections compared with normal arteries, this difference did not reach statistical significance ( Figure  3C ). Conformational changes in FN after the insertion of EDB enable particular intermolecular interactions with extracellular matrix (ECM) proteins, suggesting a specific role for FN-EDB in the regulation of ECM assembly and matrix-dependent cell growth in establishing structural integration during tissue remodeling [41] . In addition, alternative splicing of FN is promoted in the arterial endothelium by recruited macrophages under disturbed-flow conditions and has been identified as an important protective mechanism against hemorrhagic rupture of the vessel wall [42] . While the mechanisms that underlie alternative splicing of FN-EDB during expansive arterial remodeling remain poorly understood, FN-EDB expression in particular types of advanced plaques in our study suggests how patients with a variety of lesion types in varying proportions could be effectively approached for early diagnosis and treatment to improve prognosis [43] . 
FN-EDB expression positively correlates with macrophage accumulation and neovascularization
We next sought to determine whether FN-EDB expression in different types of atherosclerotic lesions correlates with macrophage accumulation, neovascularization, or plaque hypoxia-putative markers of advanced plaques [44] [45] [46] . We first stained for CD68, von Willebrand factor (vWF), and hypoxia-inducible factor 1a (HIF1α) in consecutive sections of AHA type I-VI atherosclerotic lesions used for FN-EDB expression analysis ( Figure S3 ). Although type I lesions contained a few macrophages, type II-VI lesions had modest to extensive macrophage content. Staining for vWF revealed features of adventitial-derived vasa vasorum and plaque neovascularization in most types of lesions. Similarly, we found HIF1α-positive areas, indicating hypoxia, in all lesion types. Quantitative assessments of CD68-, vWF-, and HIF1α-positive areas provide insight into the levels of inflammation, neovascularization, and plaque hypoxia in different types of atherosclerotic lesions ( Figure S4 ). CD68 staining indicated extensive macrophage accumulation in type IV (P < 0.01, vs. type I and II; P < 0.05, vs. type III), type V (P < 0.001, vs. type I and II; P < 0.01, vs. type III), and type VI (P < 0.001, vs. type I and II) lesions ( Figure S4A ). The adventitial-derived vasa vasorum and plaque neovascularization were more intense in type V (P < 0.01) than in type I or II lesions ( Figure S4B ). These findings indicate that FN-EDB expression in atherosclerotic lesions correlated positively with macrophage accumulation (P < 0.005) and neovascularization (P < 0.05) ( Figure 3D-E) , supporting the frequent association of FN-EDB expression with unstable advanced atherosclerotic lesions. In particular, FN-EDB expression was significantly higher in type III lesions compared to early-stage lesions, which were not recognized by other putative markers ( Figure 3B and Figure S4 ). On the other hand, HIF1α-positive areas identified in different types of lesions revealed no significant differences in plaque hypoxia ( Figure S4C) , and the index of plaque hypoxia did not correlate with FN-EDB expression ( Figure 3F ). These observations suggest that low O2 varies in different lesions and that upregulation of HIF-1α is not directly associated with the physiological function of FN-EDB in plaques.
NP conjugation with APT FN-EDB to construct plaque-specific MRI probes
The utility of APT FN-EDB for assessing the correlation of FN-EDB expression with plaque stage prompted us to develop an FN-EDB-targeting nanoplatform to probe plaques in vivo. Previously, we reported that biorecognition of lipid-polymer hybrid NPs was maximized when the length of the polyethylene glycol (PEG) coating molecules on the lipid-polymer NPs was properly shortened relative to the ligand linker [47] . To this end, we fabricated FN-EDB-targeting nanoparticles (APTFN-EDB-NPs) in which APT FN-EDB , used as a targeting ligand, was attached to the surface of NPs consisting of biodegradable poly(D,L-lactide) (PLA) as the NP core and a PEGylated phospholipid layer (DSPE-PEG1000/DLPC/APT FN-EDB -DSPE-PEG2000) as a shell surrounding the PLA core. Unlike antibody conjugation, which exhibits batch-to-batch variation and loss of affinity after conjugation, APT FN-EDB enables fine-tuning of the surface engineering parameters of NPs such as ligand density variation. We further fine-tuned the density of APT FN-EDB on FN-EDB-targeting NPs to optimize FN-EDB targeting efficacy. To do this, we varied the molar ratios of the aptide-attached PEGylated phospholipid (APT FN-EDB -DSPE-PEG2000) from 1% to 5%, yielding APT FN-EDB -NPs with a mean hydrodynamic size range of 53 ± 0.5 ~ 67 ± 1.8 nm (PDI: 0.2) ( Figure S5 ). The surface charges of APT FN-EDB -NPs were 1.86 ± 1.1, -3.43 ± 1.8, and -5.17 ± 2.3 mV for aptide densities of 1%, 2.5%, and 5%, respectively. APT SCR -NPs with a mean hydrodynamic size of 52 ± 1.4 nm (PDI: 0.2) and surface charge of 0.6 ± 1.1 mV were also prepared as a control.
Further experiments assessed the ability of APT FN-EDB -NPs to detect atherosclerotic lesions in human tissue specimens. Confocal microscopy-based optical sectioning revealed that APT FN-EDB -NPs at aptide densities of 1% or 2.5% showed a notable ability to detect atherosclerotic lesions ( Figure S6 ). Contrary to our expectations, APT FN-EDB -NPs with an aptide density of 5% exhibited diminished colloidal stability, resulting in much less binding to atherosclerotic lesions. On the other hand, control APT SCR -NPs showed little binding to atherosclerotic lesions, and all NPs exhibited negligible binding to normal arteries. Based on these findings, we considered an aptide density of 1-2.5% for APT FN-EDB -NPs optimal for use in in vivo studies.
We next examined whether APT FN-EDB -NPs could detect atherosclerotic plaques in vivo. To detect atherosclerotic plaques by MRI, considered an important emerging non-invasive modality that does not utilize ionizing radiation [48] 
APT FN-EDB -[Gd]NPs detect in vivo atherosclerotic plaques in hypercholesterolemic apoE-deficient mice
Although experimental atherosclerosis imperfectly recapitulates the various plaque stages found in human atherosclerotic lesions, it nonetheless has utility for in vivo studies. Accordingly, we examined the plaque-detection capability of APTFN-EDB-[Gd]NPs after intravenous (i.v.) injection in hypercholesterolemic apoE-KO mice that consumed a WD for 8 or 16 wk (Figure 4D-F) . The brachiocephalic vessel wall, which has served to determine the predilection for developing progressive atherosclerotic lesions, was visualized by MRI. MRI signal intensities of the aortic wall-to-lumen were measured to determine the contrast-to-noise ratio in those lesions (CNRWL). A conventional MRI contrast agent (Gd-DTPA) was used as a standard nonspecific control to obtain the same MR images [10] , but there was no apparent change in MR images between precontrast and intravenous injection of Gd-DTPA (0.2 mmol/kg) ( Figure 4D-F) .
Next, MR images were acquired with APTFN-EDB-[Gd]NPs or APT SCR -[Gd]NPs (50 µmol Gd/kg) after i.v. injection into atherosclerotic mice. Similar to the findings for the Gd-DTPA-treated group, APT SCR -[Gd]NPs showed little contrast enhancement in the atherosclerotic vessel wall ( Figure  4D-F) . However, strong contrast enhancement was evident in the brachiocephalic arteries of apoE-KO mice injected with APT FN-EDB -[Gd]NPs (Figure 4D-F) . Notably, treatment with APT FN-EDB -[Gd]NPs caused a considerable increase in plaque CNRWL in apoE-KO mice on an 8-wk WD (P < 0.0001, vs. precontrast; P < 0.005, vs. Gd-DTPA; P < 0.005, vs. APT SCR -[Gd]NPs) and in apoE-KO mice on a 16-wk WD (P < 0.0001, vs. precontrast; P < 0.005, vs. Gd-DTPA; P < 0. (Figure 4D, G 
In vivo plaque-detection capability of APT FN-EDB -[Gd]NPs is related to FN-EDB expression in the plaque
Twenty-four hours after in vivo MRI, the aorta and other organs were harvested for further analysis. We first quantified the amounts of Gd in the collected ascending-to-descending thoracic aortas of mice treated with NPs by ICP-MS ( Figure 4H) (Figure 5A) . Strong fluorescence signals from the rhodamines of NPs were observed in the atherosclerotic plaques of apoE-KO mice (both 8-and 16-wk WD) treated with APTFN-EDB-[Gd]NPs, whereas relatively little or no fluorescence was observed in plaques treated with APT SCR -[Gd]NPs or the competition regimen. Nakashiro et al. reported that non-targeting poly(lactic-co-glycolic-acid) NPs were found in circulating monocytes and aortic macrophages [49] , but immunostaining of the atherosclerotic plaques of apoE-KO mice injected with Cy5.5-labeled APTFN-EDB-NPs revealed that accumulation of APT FN-EDB -NPs in the plaque was substantially co-localized with FN-EDB expression ( Figure S8 , arrows) rather than with endothelial cell or macrophage expression, demonstrating that the NP accumulation in plaque was mainly attributed to FN-EDB targeting. In addition to being distributed in plaques, APTFN-EDB-[Gd]NPs also localized in other organs including liver, but barely accumulated in heart ( Figure S9 and Figure 5A ). Third, we further quantified the gross lesion areas of aortic roots in apoE-KO and WT mice by Oil red O (ORO) staining (Figure 5B−C) . Quantitative analysis revealed that atherosclerotic lesion areas (%) in apoE-KO mice on 8-and 16-wk WD were significantly larger than those in WT mice. We also found that the size of lesions was similar in apoE-KO mice between 8-and 16-wk WD groups, supporting the in vivo plaque-detection capability of APTFN-EDB-[Gd]NPs. Fourth, we assessed FN-EDB expression in plaques from untreated apoE-KO mice. These plaques showed the presence of cholesterol crystal clefts, a sign of progressive atherosclerotic lesions, and substantial FN-EDB expression around the lesions (Figure 5D−E) . In contrast, WT mice exhibited no FN-EDB expression in the corresponding region. Together, the considerable MRI contrast enhancement, concentration of Gd, fluorescence intensity, and histological staining found in the atherosclerotic aortas of mice treated with APTFN-EDB-[Gd]NPs indicate the aptide-targeting, ligand-mediated, specific accumulation of NPs in atherosclerotic plaques. Dysfunctional endothelia, including those with large gaps and microvascular permeability derived from the vasa vasorum around the plaques, allow NPs to extravasate from the bloodstream [14, 50] and remain locally owing to specific binding to FN-EDB expressed within the plaques.
APT FN-EDB -NP-mediated delivery enhances the circulation half-life and plaque accumulation of a model drug
Finally, we examined the suitability of APT FN-EDB -NPs as a drug carrier for targeted delivery to atherosclerotic plaques. As a model small molecule drug, the fluorescent compound cyanine (MW: 716.31 Da) was loaded into APT FN-EDB -NPs. Circulation in the blood and the biodistribution of cargo-loaded APT FN-EDB -NPs were evaluated in healthy BALB/c mice and apoE-KO mice. Upon i.v. injection, the parent cyanine exhibited rapid clearance from the blood, with a half-life (t 1/2 ) of ~50 min, whereas cyanine-loaded APT FN-EDB -NPs showed a significantly extended blood circulation time, with a t 1/2 of ~6 h ( Figure 6A) . Our previous pharmacokinetics studies indicated that the half-life of therapeutics encapsulated in non-targeted nanoparticles was not significantly different from that of therapeutics encapsulated in targeted nanoparticles when the nanoparticle surfaces were composed of the same components except for a targeting ligand [51] . Rather, surface coating results in remarkable differences in half-life [52] . For example, while siRNAs encapsulated in DSPE-PEG5K-and DSPE-PEG3K-coated NPs indicated similar t1/2 values of 8.1 h and 7.1 h, respectively, those encapsulated in ceramide-PEG5K-coated NPs exhibited significantly shorter t 1/2 (~30 min). Since the surface-coating materials used for APT SCR -NPs are DSPE-PEG1000, ligand-conjugated DSPE-PEG2000, and DLPC, with the same molar ratios used for APT FN-EDB -NPs, we would expect that the t 1/2 of cyanine encapsulated in APT SCR -NPs (as a model drug) would be similar to that of cyanine encapsulated in APT FN-EDB -NPs. In addition to significantly improving its pharmacokinetic characteristics, cyanine-loaded APT FN-EDB -NPs also showed substantial cyanine accumulation in plaque-containing aortas by near-infrared (NIR) fluorescence imaging, exhibiting 2.2-fold and 6.9-fold higher intensity than the same cargo-loaded APT SCR -NPs and free cyanine, respectively, at 24 h post injection (**P < 0.0005, vs. APT SCR -NPs; ###P < 0.00001, vs. free cyanine) ( Figure  6B−C) . These results support the ability of APT FN-EDB -NPs to detect plaques and enable targeted drug delivery to the disease lesion. In particular, the cyanine intensity from the APT FN-EDB -NPs in aortas gradually decreased to 21% over 72 h (Figure 6C ) despite the stable profile of the NPs shown under physiological conditions ( Figure  4B) ; thus, therapeutic strategies will need to consider an injection schedule of every 3 or 4 days. Confocal microscopy analyses of the aortic roots further revealed that the cyanine cargo was distributed around areas within the atherosclerotic plaque occupied by APT FN-EDB -NPs ( Figure 6H) . We also observed higher cargo accumulation in mice treated with cargo-loaded APT SCR -NPs than in those treated with free cargo, which was not found in the MRI results within the time frame we studied. Non-specifically accumulated NIR fluorochrome (cyanine) in plaque areas after delivery through the microvasculature may be detected with better sensitivity compared to detection under MRI [53, 54] . A biodistribution study showed relatively higher uptake of the cargo in the liver, lung, and kidney compared with the spleen at earlier time points (Figure 6D−G) . Cargo in the liver and lung were substantially cleared within ~72 h, whereas it continuously remained in the kidney, suggesting renal excretion as a major clearance route.
Although determining the therapeutic response to drug-loaded APT FN-EDB -NPs was not among our study objectives, the superior ability of our FN-EDB-targeting platform technology to identify atherosclerotic lesions as well as its pharmacokinetic advantages drove successful payload delivery to plaques, suggesting an important novel means for identifying and locally treating early stages of atherosclerosis. Polymeric and lipid-based nanomedicines, as primary classes of commercialized NPs, have shown promise for delivering various therapeutics and have reached clinical-stage evaluation [19] . Additionally, those results suggest effective strategies for delivery of emerging therapeutic candidates, including RNA therapeutics (siRNA, mRNA, miRNA, etc.) and CRISPR (clustered, regularly interspaced, short palindromic repeats)/CRISPR-associated protein 9 (Cas9) systems [55] [56] [57] [58] . 
Conclusions
We have for the first time i) identified FN-EDB intensified expression in AHA human plaque types III, IV, and V lesions; ii) developed a novel FN-EDB-specific NP platform capable of plaque identification; ultimately achieving iii) efficient payload delivery to atherosclerotic plaques. Our findings suggest that our FN-EDB-targeting platform and its unique features contributed by nanotechnology offers a comprehensive strategy for personalized medicine, in which diagnosis could guide therapeutic procedures and estimate local therapy. Since mouse and human FN-EDB domains are identical homologues [27] , we anticipate that translatability of this study will be high. We envision that a platform consisting of a polymeric core and an FN-EDB-specific lipid surface, targeting particular phenotypes of progressive atherosclerotic lesions, in tandem with the nanotechnological approach described here, may offer exciting possibilities for better stratification of patients at risk and guiding optimal treatments using appropriate therapeutic agents.
Methods
Materials
Poly(D,L-lactide) with terminal ester groups (PLA-OCH 3 , inherent viscosity 0.26-0.54 dL/g in chloroform), was purchased from Durect Lactel Absorbable Polymers (Pelham, AL, USA).
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (18:1 Liss Rhod PE), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(C yanine 5.5) (18:1 Cy5.5 PE) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Cy5.5-NHS monoester was purchased from GE Healthcare Life Sciences (Pittsburgh, PA, USA). Dimethyl sulfoxide (DMSO), dimethylformamide (DMF), chloroform, methanol, benzyl alcohol, and ethyl acetate were purchased from Sigma-Aldrich (St. Louis, MO, USA). The FN-EDB-targeting bipodal peptides, APTFN-EDB (SSSPIQGSWTWENGK(Cys)WTWKGIIRLEQ) and biotin-labeled APT FN-EDB (SSSPIQGSWTWENGK(bioti n)WTWKGIIRLEQ; >95% purity) and corresponding scrambled peptide controls, APT SCR (HASDRNGSWTWENGK(Cys)WTWKGLHEQSD) and biotin-labeled APT SCR (HASDRNGSWTWENGK( biotin)WTWKGLHEQSD; >95% purity) were purchased from AnyGen Co., Ltd. (Gwangju, South Korea). NP sizes and ζ-potentials were obtained by quasielectric laser light scattering using a ZetaPALS dynamic light-scattering (DLS) detector (15 mW laser, incident beam ¼ 676 nm; Brookhaven Instruments (Holtsville, NY, USA). Matrix-assisted laser desorption/ionization time of flight (MALDI TOF) mass spectrometry was performed on a Bruker Dalton system.
Histological analyses
Human atherosclerotic aortas and carotid arteries were obtained at autopsy from patients with atherosclerosis (n = 30, male and female, age 40-85 y), following a post-mortem interval shorter than 24 h. As a control group, normal (non-atherosclerotic) arteries were similarly obtained from patients (n = 10, male and female, age 40-85 y). The autopsies were performed at Brigham and Women's Hospital (BWH) following typical procedures; specimens for study were acquired according to an approved Institutional Review Board protocol. Collected tissues (2-6 pieces per patient) were immediately fixed in formalin fixative and stored in 70% ethanol solution until use; fixed tissue samples were subsequently cut into serial 5-μm paraffin cross-sections for further analysis. Additional paraffin cross-sections of human atherosclerotic arteries (n = 22) and normal arteries (n = 4) were obtained from Origene (Rockville, MD, USA). Tissues were classified by an experienced cardiovascular pathologist (F.J.S.) into atherosclerotic lesion type according to criteria described in an American Heart Association (AHA) consensus document [40] . Serial cross-sections of the aortic root area, aortic arches, and other major organs of WT and apoE-KO mice were cut to a thickness of 5 μm. Lesion areas at the aortic root were visualized by fat staining (Oil red O), photographed with an Olympus BX63 automated microscope at a magnification of 400× (2,070 × 1,548 pixels), and quantitatively analyzed. Aortic arch sections of untreated apoE-KO mice fed a WD were stained with biotin-labeled APTFN-EDB and analyzed as described for human plaque studies.
Synthesis and purification of APT FN-EDB -DSPE-PEG2000 and APT SCR -DSPE-PEG2000 conjugates
DSPE-PEG2000-maleimide (50 mg, 0.017 mmol), dissolved in chloroform, was added to cysteine-inserted APT FN-EDB (50 mg, 0.016 mmol) or APT SCR (50 mg, 0.016 mmol), previously dissolved in dry DMF. The reaction was stirred at room temperature for 24 h, and the final products, APT FN-EDB -DSPE-PEG2000 and APT SCR -DSPE-PEG2000 conjugates, were purified by high-performance liquid chromatography (HPLC) on a TMS-250 C1 column (4.6 × 75 mm) at a flow rate of 0.3 mL/min using a gradient of 20% A (0.05% TFA, 100% water)/80% B (0.043% TFA, 80% ACN) to 100% B for 60 min after running initially at 20% A/80% B for 15 min (yield: 70~80%). Purified conjugates were characterized by MALDI TOF mass spectrometry, yielding values of 6189.9 Da (calculated, 6117.5 Da) for the APTFN-EDB-DSPE-PEG2000 conjugate and 6142.3 Da (calculated, 6155.4 Da) for the APT SCR -DSPE-PEG2000 conjugate.
Synthesis and characterization of APT FN-EDB -NPs
PLA-OCH 3 was first dissolved in a mixture of ethyl acetate and benzyl alcohol (40 mg/mL). For optimization of ligand density, different DSPE-mPEG1000:DLPC:APT FN-EDB -DSPE-PEG2000 molar ratios (69.5:29.5:1, 69:28.5:2.5, and 67.5:27.5:5) were then prepared by dissolving separately in a mixture of ethyl acetate and benzyl alcohol (40 mg/mL) at 70% of the PLA weight, after which 18:1 Liss Rhod PE (0.5 wt% of total polymer/lipid mixture) was added to the solution. The PLA/lipid mixture in a co-solvent of ethyl acetate and benzyl alcohol was then added drop-wise into an aqueous solution (molecular biology-grade water; Hyclone) with gentle stirring and then sonicated with a probe. NPs were then allowed to self-assemble overnight with continuous stirring while the organic phase was allowed to evaporate. The remaining organic solvent and free molecules were removed by washing the NP solution three times using an Amicon Ultra-15 centrifugal filter (EMD Millipore, Darmstadt, Germany) with a molecular weight cut-off of 100 kDa, and then resuspended in either water or PBS to obtain the final desired concentration. NPs were used immediately or stored at 4 °C. APTSCR-NPs were synthesized using the same procedure. Hydrodynamic size and surface charge of NPs were measured in PBS by DLS using a ZetaPALS system (Brookhaven). Human atherosclerotic and normal artery tissues were rehydrated, heated in 10 mM sodium citrate for antigen retrieval, treated with 0.1% sudan black solution (in 70% ethanol), and stained with APTFN-EDB-NPs or APT SCR -NPs for determination of the optimal NP ligand density. Tissue sections were mounted in Vectorshield DAPI-containing mounting medium (Vectorlabs) and analyzed using an Olympus FV1000 confocal microscope.
Synthesis and characterization of APT FN-EDB -[Gd]NPs
PLA-OCH 3 was first dissolved in a mixture of ethyl acetate and benzyl alcohol (40 mg/mL). DSPE-mPEG1000, DLPC, DMPE-DTPA-Gd (pre-dissolved in chloroform:methanol, 9:1 v/v), and APT FN-EDB -DSPE-PEG2000 (70:9:20:1, molar ratio) were then dissolved separately in a mixture of ethyl acetate and benzyl alcohol (40 mg/mL) at 70% of the PLA weight, after which 18:1 Liss Rhod PE (0.5 wt% of total polymer/lipid mixture) was added to the mixture, and samples were processed as described for APTFN-EDB-NPs in the previous section. APT SCR -[Gd]NPs were synthesized following the same procedure. Gd concentration was analyzed using inductively coupled plasma mass spectrometry (ICP-MS). The relaxivities of NPs were analyzed using an MRI phantom study. NPs at different concentrations (0-2 mM Gd) were dispersed in PBS in 1.5 mL microcentrifuge tubes, which were scanned on a 7.0 T MRI system (Bruker Instruments, Germany). T1 relaxation time was measured using the following parameters: TR = 50, 100, 150, 250, 400, 750, 1,500, 3,000, 5,000, and 10,000 ms; TE = 10.7 ms; flip angle = 180°; field-of-view = 50 mm × 80 mm; slice thickness = 2 mm. The stability of NPs in PBS and in 10% FBS was tested at 37 °C with shaking (100 rpm) following various incubation times (0 to 72 h), and changes in the hydrodynamic size of NPs were measured by DLS.
Animals and diet
Male apoE-KO mice (B6.129P2-Apoetm1Unc) 5-6 weeks old, purchased from Jackson laboratory, were fed a Western-type diet (WD) containing 20.3% fat, 22.9% protein, 45.7% carbohydrate, and 0.2% cholesterol for 8 or 16 wk (Research Diets Inc., NJ, USA). At each end point, mice were scanned by T1-weighted MRI and analyzed. WT mice (C57BL/6J, 20-wk-old, male) fed a normal chow diet were used as controls. All animal procedures followed a protocol approved by a standing Institutional Animal Care and Use Committee at Harvard Medical School.
In vivo MRI
Brachiocephalic arteries from mice were visualized with a 7.0 T MRI system (Bruker). Mice were anesthetized with a 4% isoflurane/O 2 mixture and maintained with a 1.5% isoflurane/O 2 mixture delivered through a nose cone. A respiratory sensor connected to a monitoring system was placed on the back to monitor the rate and depth of respiration. A constant body temperature of 37 °C was maintained using a thermocouple heating system. The brachiocephalic arteries were identified in an axial section on a localizing sequence. T1-weighted MRI was performed using a black blood IntraGate FLASH sequence with a navigator echo and retrospective gating. Imaging parameters were as follows: hermite-shaped RF pulse; repetition time/echo time, 20/2.112 ms; 10 cardiac frames; field of view, 12.8 × 12.8 mm 2 ; matrix, 160 × 160; slice thickness, 0.6 mm; spatial resolution, 0.08 mm per pixel; number of repetitions, 200.
Plaque targeting of NPs was investigated by first subjecting apoE-KO mice to a baseline MRI scan for precontrast images, followed by injection of a 50 µmol NER was normalized as NER % = (NER-1) × 100. Twenty-four hours post injection; animals were sacrificed and exsanguinated by perfusion of heparinized saline (10 mL) through the heart. Aortas (from ascending aorta to descending thoracic aorta) from mice injected with APT FN-EDB -[Gd]NPs or APT SCR -[Gd]NPs were isolated and fixed for ICP-MS analysis. Aortic roots containing the aortic sinus and other major organs (liver, heart, lung, spleen, and kidney) from all groups were frozen in OCT for sectioning. Immunostaining of frozen cross sections was performed using a rat monoclonal anti-CD31 (endothelial cells staining, BD Pharmingen), a mouse anti-FN-EDB (Abcam), and a rabbit anti-Mac2 (macrophage staining, Abcam) at concentrations of 1:50, 1:200, and 1:50, respectively. Cy5.5-labeled APTFN-EDB NPs were prepared using a similar synthesis as that described for APT FN-EDB NPs using 18:1 Cy5.5 PE for co-localization study. Aortic roots of apoE-KO mice injected with Cy5.5-labeled APT FN-EDB NPs were harvested 24 h post-injection for immunofluorescence study. In situ images were captured digitally using a BX61WI microscope coupled with a Fluoview FV1000 confocal unit (Olympus) equipped with an Olympus DP72 camera and running Fluoview 10-ASW Software (Olympus) for confocal microscopy.
Confocal laser-scanning fluorescence microscopy
NPs injected into mice were visualized in each tissue section with an Olympus FV1000 confocal microscope. Frozen sections were washed with PBS, fixed in a 4% paraformaldehyde solution, and washed three times with PBS. All sections were mounted with DAPI-containing Vectashield, covered with cover slips (protected from light), and kept at -20 °C until laser-scanning confocal fluorescence microscopy imaging was performed. Images were acquired within 48 h using a 20×/0.75 NA objective lens.
In vivo biodistribution studies
Cyanine-loaded APT FN-EDB -NPs were prepared by adding 1.7 mg of Cy5.5-NHS monoester (10 wt% of total feed materials, 80 mg/mL in DMSO), as a model cargo, to the PLA/lipid solution. Cyanine-loaded APT FN-EDB -NPs and APT SCR -NPs were prepared as described above for other NPs. ApoE-KO mice fed a WD were administered cyanine-loaded APT FN-EDB -NPs, cyanine-loaded APT SCR -NPs, or free cyanine via tail vein injection. At each time point (4, 24, 48 , and 72 h; n = 3 per time point) mice were sacrificed, and their aortas, livers, spleens, lungs, and kidneys were collected and imaged with an IVIS Lumina system (Xenogen, USA) using 605 nm excitation and Cy5.5 emission filters. Photon counts were used to quantify the fluorescence intensity in each tissue at each time point. Images were processed with Living Image 4.5.2 integrated software (Xenogen). Aortic roots from mice injected with cargo-loaded NPs were obtained 4 h post injection and frozen in OCT for sectioning.
Pharmacokinetics
Male BALB/c mice 5-6 weeks old (n = 3 per group) were intravenously injected with either cyanine-loaded APT FN-EDB -NPs or free cyanine through the tail vein. At different time points, blood samples were collected retro-orbitally and the fluorescence intensity of each sample was measured on a microplate reader (Infinite 200 PRO; TECAN, Männedorf, Switzerland) using an NIR filter. Different amounts of NPs or free cyanine were added to blood obtained from untreated mice and their fluorescence intensities were measured to generate standard curves.
Statistical analyses
Values are expressed as mean ± SD for size, zeta-potential, and relaxivity results, and mean ± SEM for the others. Statistical significance of differences was determined using a one-way analysis of variance (ANOVA) with a post hoc Tukey's test. Correlations between FN-EDB and CD68, vWF, or HIF1α were determined based on apparent fits obtained by linear analysis using Pearson correlation. P-values < 0.05 were considered statistically significant.
